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Abstract

Mitochondrial DNA (mtDNA) mutations are thought to have a causative role in age-related

pathologies. We have shown previously that mitochondrial mutator mice (PolgD257A/D257A),

harboring a proofreading-deficient version of the mtDNA polymerase gamma (POLG), accu-

mulate mtDNA mutations in multiple tissues and display several features of accelerated

aging. Calorie restriction (CR) is known to delay the onset of age-related diseases and to

extend the lifespan of a variety of species, including rodents. In the current study we investi-

gated the effects of CR on the lifespan and healthspan of mitochondrial mutator mice. Long-

term CR did not increase the median or maximum lifespan of PolgD257A/D257A mice. Further-

more, CR did not reduce mtDNA deletions in the heart and muscle, accelerated sarcopenia,

testicular atrophy, nor improve the alterations in cardiac parameters that are present in aged

mitochondrial mutator mice. Therefore, our findings suggest that accumulation of mtDNA

mutations may interfere with the beneficial action of CR in aging retardation.

Introduction

Calorie restriction (CR) is the most robust non-genetic intervention to consistently extend life-

span in a variety of species [1]. CR also reduces risks for a variety of age-associated diseases,

including diabetes, sarcopenia, cancer, cardiovascular diseases, and hearing loss in rodents

and humans [1–3]. Furthermore, CR reduces the levels of reactive oxygen species (ROS) and

associated oxidative damage, and mtDNA deletions in multiple tissues [1–2, 4–5]. Consistent

with these reports, long-lived GH (growth hormone)-deficient mice display CR-like anti-aging

effects, including increased expression of antioxidant enzymes and stress response genes in

muscle cells and fibroblasts [2], reduced body size and extended median lifespan [6]. The
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mitochondrial theory of aging postulates that ROS generated inside the mitochondria damage

key mitochondrial components such as mitochondrial DNA (mtDNA), resulting in mitochon-

drial dysfunction [7]. This in turn leads to energy depletion in multiple tissues and eventually

to aging symptoms. Accordingly, CR is thought to slow the rate of aging or to reduce risks for

many age-associated diseases through the protection of mitochondrial macromolecules,

including mtDNA [1, 5, 8–10]. In the current study, we investigated the effects of CR on the

healthspan and lifespan of mice that express a proofreading-deficient version of mtDNA poly-

merase gamma (PolgD257A/D257A) and display elevated mtDNA mutation frequencies through-

out their tissues and accelerated aging phenotypes [11–14].

Materials and methods

Animal husbandry & diets

Generation and characterization of PolgD257A/D257A mice have been previously described [11].

Male Polg+/D257A mice were backcrossed to C57Bl/6J female mice for four generations and N4

heterozygous mice were subsequently intercrossed to generate the wild type, heterozygous,

and homozygous littermates used in this study. Mice were housed individually (12 hour light/

dark cycle), placed on control (84 kcal/week; Teklad #91349) or calorie-restricted (63 kcal/

week; Teklad #91351) semi-purified diets at 2–3 months of age and maintained on these agar

gelatin diets for the duration of the study; there were no statistically significant differences

between mean diet starting ages among genotype-diet groups. These dietary formulations

were isocaloric (4.1 kcal/g) and had similar fat proportions (30–31%); the CR diet had an

enriched mineral (AIN-76) formulation however, such that vitamin and mineral consumption

was similar between the two diets at their final feeding amounts [15]. Feeding followed a Mon-

day (2/7 weekly allowance), Wednesday (2/7), Friday (3/7) schedule.

All mice used for the survival studies were allowed to live out their life (natural death).

However, any mice that appeared ill or chronically distressed were euthanized before natural

death by CO2 inhalation. All mice were examined daily for signs of ill health. Specific criteria

were: loss of mobility, paralysis, lethargy or unresponsiveness, palpable tumor masses not to

exceed 1.5 cm in diameter, body weight loss of 15% after achieving a steady weight on study,

ulcerative dermatitis, and refusing food or water for more than 2 days. The lifespan, cardiac

function and sarcopenia studies were performed under protocols approved by Animal Care

and Use Committees of the University of Wisconsin-Madison and the William S. Middleton

Memorial Veterans Administration Hospital, while the dietary restriction study for the

mtDNA mutation frequency measurements was performed in accordance with protocols

approved by the University of Florida Institutional Animal Care and Use Committee.

Body weight and tissue weight

The body weight of the mice was measured every month from 2 months of age until spontane-

ous death. The weight of tissues (muscle, testes, and heart) of the mice was measured at 13–15

months of age.

Randam capture mutation assay

Mitochondria were resuspended in lysis buffer containing 10 mM Tris—HCl, 150 mM NaCl, 5

mM EDTA, 0.2 mg/ml proteinase K and 0.5% SDS and lysed at 55˚C for 30 min. DNA was

then isolated by 2 phenol—chloroform-isoamyl alcohol extractions, followed by a single chlo-

roform extraction and ethanol precipitation. The isolated mtDNA was digested in a unique

TaqI buffer from Thermo Scientific (ER0671) by adding an additional 100 U of TaqI enzyme
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(NEB, R0149M) every hour over a 5-hour time span. The mtDNA was then cleaned up with an

oligo-concentrator kit from Zymogen and re-digested for another 5 hours under the same con-

ditions. Finally, mutations were detected inside a TaqI restriction site located at bp 634 of the

mitochondrial genome, and two sites that are prone to deletions (site 1 and site 3), using SYBR

green based qPCR and previously published protocols [13–14]. The following primers were

used for mutation detection: Controlprimerforward:TCGGCGTAAAACGTGTCAAC;

Controlprimer reverse:CCGCCAAGTCCTTTGAGTTT;

Taq634 primer forward:ACTCAAAGGACTTGGCGGTA;

Taq634 primer reverse:AGCCCATTTCTTCCCATTTC;

Deletionprimer site 1 forward:AGGCCACCACACTCCTATTG;

Deletionprimer site 1 reverse:AATGCTAGGCGTTTGATTGG;

Deletionprimer site 3 forward:ACGAAATCAACAACCCCGTA;

Deletionprimer site 3 reverse:AATGCTAGGCGTTTGATTGG.

Cardiac function

Echocardiography was performed using an Acuson Sequoia (Siemens) ultrasonograph with a

15-MHz transducer. For acquisition of two dimensional guided M-mode images at the tips of

papillary muscles and Doppler studies, mice were sedated by IP administration of 100 mg/kg

ketamine and maintained on a heated platform in a left lateral decubitus position. All images

were saved to an on-board optical disk as previously described [16].

End diastolic and systolic left ventricular (LV) diameter as well as anterior and posterior

wall (AW and PW respectively) thicknesses were measured on line from M-mode images

using the leading edge-to-leading edge convention. All parameters were measured over at least

three consecutive cardiac cycles and averaged. Left ventricular fractional shortening was calcu-

lated as [(LV diameter diastole—LV diameter systole)/LV diameter diastole] x 100 and LV

mass was calculated by using the formula [1.05 x ((Posterior Wall diastole + Anterior Wall

diastole + LV diameter diastole)3 –(LV diameter diastole)3)]. Relative wall thickness was calcu-

lated as 2 x Posterior wall diastole/LV diameter diastole. Heart rate was determined from at

least three consecutive intervals from the pulse wave Doppler tracings of the LV outflow tract.

Isovolumic relaxation time was measured as the time from the closing of the aortic value to the

opening of the mitral value from pulse wave Doppler tracings of the LV outflow tract and

mitral inflow region. The same person obtained all images and measures.

Survival and statistical analysis

Kaplan-Meier survival analysis was performed with GraphPad Prism 6 (La Jolla, CA) and sur-

vival curves were compared using the log rank (Mantel-Cox) test. Median and 90th percentile

values were calculated from the earliest time points at which the survival proportions were less

than or equal to 0.5 or 0.1, respectively. Mean survival times are calculated as the area under

the survival curves.

Age and weight data were compared by one-way ANOVA, followed by Šı́dák’s test for

selected multiple comparisons to generate multiplicity-adjusted P values with family-wide

alpha = 0.5. Echocardiography data were compared by t-tests and were reported without

adjusting for multiple tests.

Results

We and others have previously shown that D257A/D257A mice display a range of premature

aging phenotypes beginning at ~9 months of age, including body weight loss, loss of bone

mass, and reduced lifespan [11–12]. To investigate the effects of CR on the healthspan and/or
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lifespan of mitochondrial mutator mice, we reduced the calorie intake of wild-type (+/+),

Polg+/D257A (+/D257A), and PolgD257A/D257A (D257A/D257A) mice in the C57BL/6 back-

ground to 75% (a 25% CR) of that fed to control diet (CD) mice starting in early adulthood (2

months of age), and this diet regimen was maintained until the animals reached middle-age

(13–16 months of age) or spontaneous death of the animals occurred. CD mice were fed a con-

trol diet (Teklad, Madison, WI) and received 84 kcal/week of the diet, while CR mice were fed

a restricted diet (Teklad, Madison, WI) of 63 kcal/week. The restricted diet was enriched in

protein, vitamins, and minerals to avoid malnutrition. This is a well-established CR protocol

that extends lifespan in inbred mouse strains, including the C57BL/6 strain [15]. We first con-

firmed that this CR diet regimen resulted in a significant reduction of body weight in middle-

aged +/+ males and females (Fig 1). CR also resulted in a significant reduction of body weight

in middle-aged +/D257A males, but not in middle-aged +/D257A females. Although middle-

aged D257A/D257A mice weighed less than their +/+ or +/D257A counterparts, CR did not

further reduce the body weight of D257A/D257A males or females. We note that the specific

cause of reduced weight in D257A/D257A mice is unknown, although it is likely to be a com-

bination of reduced adipose tissue and muscle mass in these animals, as well as degeneration

of other organs. These phenotypes become progressively worse with age [11]. Thus, if CR

reduced accelerated aging in D257A/D257A mice, we speculate that the weight of POLG mice

should be more similar to that of +/+ animals at middle age.

We and others have shown previously that mtDNA deletions accumulates at an accelerated

rate in the heart, brain, liver, and intestine of middle-aged mitochondrial mutator mice, while

mitochondrial DNA deletions accumulate significantly in the brain and heart of old C57BL/6

mice [11–14]. In contrast, CR is known to reduce mtDNA deletions in the brain and liver of

aged rats [8–10]. Next, we investigated the effects of CR on mtDNA deletions in the heart and

muscle tissues of 13–16 months old +/+ D257A/D257A mice under control diet or calorie

restricted diet. We first confirmed that middle-aged D257A/D257A mice displayed a 71-fold

increase in mtDNA deletions at site 1 and a 102-fold increase in mtDNA deletions at site 3 in

the heart when compared to age-matched +/+ mice under control diet conditions (Fig 2). In

the muscles, middle-aged D257A/D257A mice also displayed a 74-fold increase in mtDNA

deletions at site 1 and a 12-fold increase in mtDNA deletions at site 3 (Fig 2). However, CR did

not reduce the mtDNA deletions at site 1 or 3 in the heart or muscle of middle-aged D257A/

D257A mice. We note that normally-aged mice typically display increased mtDNA deletions

at 24–30 months of age [13, 17].

Aging is characterized by loss of muscle mass or sarcopenia [8]. We have previously

reported that D257A/D257A mice display accelerated sarcopenia [11]. Consistent with our

previous report, middle-aged D257A/D257A males and females displayed a significant reduc-

tion in the weights of both vastus lateralis and gastrocnemius muscles relative to +/+ mice

under control diet conditions (Fig 1). CR did not ameliorate this loss of muscle mass. There

were no differences in the weights of vastus lateralis muscles between control diet and calorie-

restricted D257A/D257A middle aged males and females (Fig 1). There was a small decline in

the weights of gastrocnemius muscles between control diet and calorie-restricted D257A/

D257A middle aged males, and no difference in females (Fig 1). Furthermore, CR was unable

to prevent testicular atrophy in the D257A/D257A mice (Fig 1) that is associated with loss of

spermatogonia [11–12]. We note that normally-aged C57BL/6 mice typically display muscle

atrophy around 24–30 months of age [18–19].

Age-related decline of heart function is a hallmark of aging across multiple species [15].

We investigated the effects of CR on cardiac function in 13–16 months old +/+ and D257A/

D257A mice (combined sexes) under control diet or calorie restricted diet regimens using

echocardiography. Compared to +/+ mice, middle-aged D257A/D257A mice under control

Effects of calorie restriction on the lifespan of mitochondrial mutator mice
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Fig 1. Body weight, skeletal muscle mass, and testis weight of mitochondrial mutator mice. Body weights (A), vastus

lateralis (VL) and gastrocnemius (GN) muscle mass (B) of 13–16 months old +/+, +/D257A, and D257A/D257A males (left) and

females (right) under control diet or calorie restricted conditions. (C) Testes weights of 10–18 months old +/+, +/D257A, and

D257A/D257A males under control diet or calorie restricted conditions. ‡P < 0.05 control diet vs CR diet within genotype. n = 8–16.

*P < 0.05 +/+ vs D257A/D257A within diet. #P < 0.05 +/+ vs +/D257A within diet. §P < 0.05 +/D257A vs D257A/D257A within diet.

+/+ = wild-type, +/D257A = Polg+/D257A, and D257A/D257A = PolgD257A/D257A.

doi:10.1371/journal.pone.0171159.g001
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diet conditions displayed a significant increase in heart rate, left ventricular mass/body weight,

stroke volume, and cardiac index as well as a decreased isovolumic relaxation time/heart rate

(a measure of diastolic function) (Table 1). In contrast, there were no differences in any car-

diac functional parameters between control diet and calorie-restricted D257A/D257A mice,

indicating that the CR diet did not slow the development of cardiac phenotypes. We note that

normally-aged C57BL/6 mice typically display cardiac muscle atrophy at>24 months of age

[20].

Lastly, Kaplan-Meier analysis of the survival data revealed that there was no statistical dif-

ference in survival between control diet and calorie-restricted D257A/D257A males or females

(Fig 3). The survival data in Table 2 show no significant differences in the mean, median, 90%,

or maximum survival between control diet and calorie-restricted D257A/D257A males or

females, indicating that CR does not extend the lifespan of mitochondrial mutator mice.

Discussion

Point mutations and deletions in mtDNA accumulate with age in a variety of tissues [21], and

a lifelong accumulation of such mutations in postmitotic tissues that demand high energy is

thought to result in mitochondrial energy depletion, causing tissue dysfunction and eventually

age-related pathologies. In agreement with this hypothesis, there are over 80 pathogenic muta-

tions in the human POLG gene, and some of these are associated with Alper’s syndrome, PEO

(progressive external ophthalmoplegia), or ataxia, and cause a variety of symptoms, including

ophthalmoplegia, cataracts, hearing loss, progressive muscle weakness, parkinsonism, and car-

diac dysfunction [22–23]. Mitochondrial mutator mice display a 10-90-fold increase in

mtDNA deletions [13] and a >100-fold increase in point mutations in mtDNA in the heart

and brain [14]. These mice display mitochondrial diseases and aging symptoms such as motor

function decline, cardiac dysfunction and muscle mass loss, and hearing loss [20, 21, 23]. We

have previously proposed that phenotypes of D257A/D257A mice are due to loss of somatic

Fig 2. Mitochondrial deletion load in WT and D257A/D257A mice. mtDNA deletions 1 and 3 in the heart

(A) and muscle (B) of 13–16 months old +/+ and D257A/D257A mice under control diet or calorie restricted

conditions. n = 4. +/+ = wild-type, D257A/D257A = PolgD257A/D257A.

doi:10.1371/journal.pone.0171159.g002
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stem cells, since tissues displaying early onset phenotypes have high cellular turnover [11].

Recent studies have confirmed that D257A/D257A mice have a profound somatic stem cell

defect [24–25]. Thus, CR failed to extend the healthspan or lifespan of D257A/D257A mice

likely because the dietary intervention failed to rescue somatic stem cell loss or dysfunction in

the context of damaged mitochondria in D257A/D257A mice.

It is thought that a central mechanism of aging retardation by CR is prevention of mito-

chondrial oxidative stress. In agreement with this hypothesis, CR decreases mtDNA damage

and deletions in multiple tissues of aged rats [8–10], although no such effect was observed in

Table 1. Echocardiography of 13–16 months old wild-type and PolgD257A/D257A mice on control and calorie-restricted diets.

Control diet CR diet

+/+ D257A/D257A +/+ D257A/D257A

Measurement Units Mean SD Mean SD Mean SD Mean SD Pa Pb

Age mo 14.8 1 13.9 0.8 15 0.9 14.6 0.8 0.167 0.206

Body Weight g 35.3 4.5 20.9 3.4 27.9 2.5 19.6 1.4 0.0001 0.397

Heart Rate bpm 501 46 597 59 473 87 543 48 0.01 0.124

LVID;d mm 3.74 0.26 3.75 0.31 3.62 0.3 4.03 0.31 0.939 0.165

LVPW;d mm 0.89 0.09 0.94 0.06 0.85 0.11 0.91 0.12 0.291 0.638

LVAW;d mm 0.89 0.14 0.9 0.09 0.82 0.08 0.92 0.1 0.867 0.755

FS % 36.3 3.1 39.2 4 37.3 5.7 37.7 7.5 0.186 0.702

LV Mass mg 98 20.6 102.4 15.3 84.7 13.9 114.4 16.9 0.695 0.253

LV mass/Body weight mg/g 2.81 0.63 4.95 0.7 3.04 0.46 5.88 0.99 0.0003 0.113

IVRT ms 16.1 1.8 13.9 1.9 16.9 2 14.3 2.9 0.068 0.817

IVRT/Heart rate ms/bpm 0.032 0.004 0.023 0.002 0.038 0.012 0.027 0.005 0.001 0.124

Ao VTI cm 4.18 0.58 3.61 0.66 3.89 0.93 5.03 1.29 0.146 0.055

Stroke Volume ul 22.9 6.1 31.5 2.7 22.2 4.2 36.5 13.4 0.016 0.439

Cardiac Index ul/min/g 335 121 918 198 386 130 1006 358 0.0001 0.639

Sample sizes: +/+ Control (N = 7); D257A/D257A Control (N = 5); +/+ CR (N = 7); D257A/D257A CR (N = 6).
acontrol diet +/+ vs control diet D257A/D257A comparison;
bcontrol diet D257A/D257A vs calorie-restricted D257A/D257A comparison.

P values are calculated by t-test and are uncorrected for multiple tests. LV, left ventricular; ID, interior diameter; d, diastole; PW, posterior wall; AW, anterior

wall; FS, fractional shortening; IVRT, isovolumic relaxation time; Ao, aortic; VTI, velocity time integral; +/+, wild type; CR, caloric restriction.

doi:10.1371/journal.pone.0171159.t001

Fig 3. Kaplan-Meier survival curves of D257A/D257A males and females. Survival curves of control diet (solid

black line) and calorie restricted (red dashed line) D257A/D257A males (left) and females (right). n = 23–29. D257A/

D257A = PolgD257A/D257A.

doi:10.1371/journal.pone.0171159.g003
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primates [26]. CR also reduces age-related oxidative damage in the cochlea of mice by induc-

ing SIRT3, a mitochondrial deacetylase [4]. Repression of the GH/IGF-1 axis has also been

linked to extended lifespan in multiple species, and mouse models with reduced GH and/or

IGF-1 display CR-like anti-aging effects, including reduced levels of mtDNA oxidative damage

in the brain, reduced body size, and increased median lifespan [6]. In these long-lived dwarf

mice, a defect in the GH/IGF-1 axis results in the activation of the transcription factor Foxo3a,

which in turn binds to the promoter of the mitochondrial antioxidant enzyme Sod2 (superox-

ide dismutase 2) gene that decomposes ROS in the mitochondria [27]. These observations are

consistent with the idea that protection of mtDNA through the reduction of mitochondrial

ROS may be a central mechanism by which CR reduces risks for age-related pathologies in

mammals. During normal aging, mtDNA mutations or deletions in post-mitotic tissues are

thought to be induced as a result of oxidative stress, since the level of such mutations in the

heart and skeletal muscle of mice can be reduced by a mitochondrially targeted catalase trans-

gene [20, 28]. In contrast, most mtDNA mutations that accumulate in D257A/D257A mice are

thought to be due to mtDNA replication errors. Thus, a reduction of mitochondrial oxidative

stress may do little to reduce the overall level of mtDNA mutations in D257A/D257A mice,

explaining the lack of effect of CR on age-related parameters in this model. We note that

although significant changes in a variety of oxidative stress markers have not been consistently

detected in mitochondrial mutator mice [11, 29], D257A/D257A mice carrying a mCAT trans-

gene did display prevention of age-related cardiac dysfunction [20], and a more recent analysis

of mtDNA in POLG mice has revealed increased oxidative damage in muscle [30]. These

observations are consistent with the proposed role of POLG in mitochondrial base excision

repair, which is involved in the repair of oxidative damage to mtDNA [31]. Possibly, there may

be a tissue-specific contribution of oxidative stress to this accelerated aging model, explaining

the apparent lack of oxidative damage to mtDNA in some studies.

The current study suggests that the multiple health benefits of CR reported in normal ani-

mals may not be applicable to animals carrying gene mutations that lead to progeroid syn-

dromes, such as mutations in genes involved in DNA repair or DNA metabolism [32]. This

could be explained by the fact that there are profoundly different underlying aging mecha-

nisms in progeroid mice as compared to normal animals. Alternatively, progeroid mice may

have metabolic or mitochondrial alterations that preclude the establishment of the CR adapta-

tions that lead to increased healthspan and lifespan observed in normal animals. For example,

a central metabolic adaptation to CR is a decrease in insulin levels and increased insulin sensi-

tivity. This CR effect is observed both in wild-type mice and in GH receptor knockout mice

Table 2. Survival parameters of PolgD257A/D257A mice on control and calorie-restricted diets.

Females Males

Control CR Control CR

Number of subjectsa 28 (7) 23 (7) 24 (5) 29 (9)

Mean (days) 470 443 442 463

Median (days) 487 460 473 482

90th Percentile (days) 547 506 545 544

Maximum (days) 564 515 563 556

aNumber of censored subjects is given in parentheses.

Mean survival is estimated from the area under the survival curves.

Median survival and 90th percentile values are derived from the Kaplan-Meier analysis and are the earliest timepoints at which the survival fraction is�0.5

or�0.1, respectively.

doi:10.1371/journal.pone.0171159.t002
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(GHRKO), which are long-lived and display further life extension under CR [33]. Alterations

in key metabolic pathways including Akt/Foxo1, Sirt1 and Sirt3 may mediate these metabolic

effects [4, 34]. Thus, future studies should try to characterize the metabolic response to CR in

POLG mice. Interestingly, aerobic exercise is able to extend lifespan in POLG mice and to

reduce aging phenotypes [35] and these effects are p53-mediated and may involve induction

of repair mechanisms in mtDNA [36].

Author contributions

Conceptualization: TAP GCK SS RW.

Data curation: GCK SS MK TAH MV.

Formal analysis: GCK SS MK.

Funding acquisition: TAP SS.

Investigation: GCK SS MK TAH MV.

Methodology: TAP GCK SS MV.

Project administration: TAP SS.

Resources: TAP SS.

Software: GCK SS.

Supervision: TAP SS.

Validation: TAP SS.

Visualization: GCK SS TAP.

Writing – original draft: SS TAP GCK.

Writing – review & editing: SS GCK TAP.

References

1. Weindruch R, Sohal RS. (1997) Seminars in medicine of the Beth Israel Deaconess Medical Center.

Caloric intake and aging. N Engl J Med. 337, 986–994. PMID: 9309105

2. Fontana L, Partridge L, Longo VD. (2010) Extending healthy life span—from yeast to humans. Science.

328, 321–326. doi: 10.1126/science.1172539 PMID: 20395504

3. Han C, Someya S. (2013) Maintaining good hearing: Calorie restriction, Sirt3, and glutathione. Exp Ger-

ontol. 48, 1091–1095. doi: 10.1016/j.exger.2013.02.014 PMID: 23454634

4. Someya S, Yu W, Hallows WC, Xu J, Vann JM, et al. (2010) Sirt3 mediates reduction of oxidative dam-

age and prevention of age-related hearing loss under caloric restriction. Cell. 143, 802–812. doi: 10.

1016/j.cell.2010.10.002 PMID: 21094524

5. Sohal RS. and Weindruch R. (1996) Oxidative Stress, Caloric Restriction, and Aging. Science. 273,

59–63. PMID: 8658196

6. Alderman JM, DePetrillo MA, Gluesenkamp AM, Hartley AC, Verhoff SV, Zavodni KL, et al. (2010) Cal-

orie restriction and dwarf mice in gerontological research. Gerontology. 56, 404–409. doi: 10.1159/

000235720 PMID: 19690401

7. Balaban RS, Nemoto S, Finkel T. (2005) Mitochondria, oxidants, and aging. Cell. 120, 483–95. doi: 10.

1016/j.cell.2005.02.001 PMID: 15734681

8. Aspnes LE, Lee CM, Weindruch R, Chung SS, Roecker EB, Aiken JM. (1997) Caloric restriction

reduces fiber loss and mitochondrial abnormalities in aged rat muscle. FASEB J. 11, 573–581. PMID:

9212081

Effects of calorie restriction on the lifespan of mitochondrial mutator mice

PLOS ONE | DOI:10.1371/journal.pone.0171159 February 3, 2017 9 / 11

http://www.ncbi.nlm.nih.gov/pubmed/9309105
http://dx.doi.org/10.1126/science.1172539
http://www.ncbi.nlm.nih.gov/pubmed/20395504
http://dx.doi.org/10.1016/j.exger.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23454634
http://dx.doi.org/10.1016/j.cell.2010.10.002
http://dx.doi.org/10.1016/j.cell.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/21094524
http://www.ncbi.nlm.nih.gov/pubmed/8658196
http://dx.doi.org/10.1159/000235720
http://dx.doi.org/10.1159/000235720
http://www.ncbi.nlm.nih.gov/pubmed/19690401
http://dx.doi.org/10.1016/j.cell.2005.02.001
http://dx.doi.org/10.1016/j.cell.2005.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15734681
http://www.ncbi.nlm.nih.gov/pubmed/9212081


9. Cassano P, Lezza AM, Leeuwenburgh C, Cantatore P, Gadaleta MN. (2004) Measurement of the

4,834-bp mitochondrial DNA deletion level in aging rat liver and brain subjected or not to caloric restric-

tion diet. Ann N Y Acad Sci. 2004 Jun; 1019:269–73. doi: 10.1196/annals.1297.045 PMID: 15247027

10. Lezza AM, Fallacara FP, Pesce V, Leeuwenburgh C, Cantatore P, Gadaleta MN. Localization of abasic

sites and single-strand breaks in mitochondrial DNA from brain of aged rat, treated or not with caloric

restriction diet. Neurochem Res. 2008 Dec; 33(12):2609–14. doi: 10.1007/s11064-008-9866-7 PMID:

18946734

11. Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, Wohlgemuth SE, et al. (2005) Mitochondrial DNA

mutations, oxidative stress, and apoptosis in mammalian aging. Science. 309, 481–484. doi: 10.1126/

science.1112125 PMID: 16020738

12. Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, Bruder CE, et al. (2004) Premature

ageing in mice expressing defective mitochondrial DNA polymerase. Nature. 429;417–23. doi: 10.

1038/nature02517 PMID: 15164064

13. Vermulst M, Wanagat J, Kujoth GC, Bielas JH, Rabinovitch PS, Prolla TA, et al. (2008) DNA deletions

and clonal mutations drive premature aging in mitochondrial mutator mice. Nat Genet. 40, 392–394.

doi: 10.1038/ng.95 PMID: 18311139

14. Vermulst M, Bielas JH, Kujoth GC, Ladiges WC, Rabinovitch PS, Prolla TA, et al. (2007) Mitochondrial

point mutations do not limit the natural lifespan of mice. Nat Genet. 39, 540–543. doi: 10.1038/ng1988

PMID: 17334366

15. Pugh TD, Klopp RG, Weindruch R. (1999) Controlling caloric consumption: protocols for rodents and

rhesus monkeys. Neurobiol Aging. 20, 157–165. PMID: 10537025

16. Barger JL, Kayo T, Vann JM, Arias EB, Wang J, Hacker TA, et al. (2008) A low dose of dietary resvera-

trol partially mimics caloric restriction and retards aging parameters in mice. PLoS ONE. 3(6); e2264.

doi: 10.1371/journal.pone.0002264 PMID: 18523577

17. Dai DF, Santana LF, Vermulst M, Tomazela DM, Emond MJ, MacCoss MJ, et al (2009) Overexpression

of catalase targeted to mitochondria attenuates murine cardiac aging. Circulation. 2009 Jun 2; 119

(21):2789–97. doi: 10.1161/CIRCULATIONAHA.108.822403 PMID: 19451351

18. Hamilton R, Walsh M, Singh R, Rodriguez K, Gao X, Rahman MM, et al. (2016) Oxidative damage to

myelin proteins accompanies peripheral nerve motor dysfunction in aging C57BL/6 male mice. J Neurol

Sci. 2016 Nov 15; 370:47–52. doi: 10.1016/j.jns.2016.09.021 PMID: 27772785

19. Muller FL, Song W, Jang YC, Liu Y, Sabia M, Richardson A, et al. (2007) Denervation-induced skeletal

muscle atrophy is associated with increased mitochondrial ROS production. Am J Physiol Regul Integr

Comp Physiol. 2007 Sep; 293(3)

20. Dai DF, Chen T, Wanagat J, Laflamme M, Marcinek DJ, Emond MJ, et al. (2010) Age-dependent car-

diomyopathy in mitochondrial mutator mice is attenuated by overexpression of catalase targeted to

mitochondria. Aging Cell. 9, 536–544. doi: 10.1111/j.1474-9726.2010.00581.x PMID: 20456298

21. Kujoth GC, Bradshaw PC, Haroon S, Prolla TA. (2007) The role of mitochondrial DNA mutations in

mammalian aging. PLoS Genet. 3 (2), e24. doi: 10.1371/journal.pgen.0030024 PMID: 17319745

22. Copeland WC. (2008) Inherited mitochondrial diseases of DNA replication. Annu Rev Med. 59;131–46.

doi: 10.1146/annurev.med.59.053006.104646 PMID: 17892433

23. Dai Y, Kiselak T, Clark J, Clore E, Zheng K, Cheng A, et al. (2013) Behavioral and metabolic characteri-

zation of heterozygous and homozygous POLG mutator mice. Mitochondrion. 13, 282–291. doi: 10.

1016/j.mito.2013.03.006 PMID: 23542163

24. Fox RG, Magness S, Kujoth GC, Prolla TA, Maeda N. (2012) Mitochondrial DNA polymerase editing

mutation, PolgD257A, disturbs stem-progenitor cell cycling in the small intestine and restricts excess fat

absorption. Am J Physiol Gastrointest Liver Physiol. 302(9);G914–24. doi: 10.1152/ajpgi.00402.2011

PMID: 22345551
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